REPORT

This paper is available online at www.jbc.org

Real-time Structural Transitions
Are Coupled to Chemical Steps in
ATP Hydrolysis by Eg5 Kinesin™

Received for publication, January 13, 2010, and in revised form, February 8, 2010
Published, JBC Papers in Press, February 12,2010, DOI 10.1074/jbc.C110.103762

Bokkyoo Jun and Sunyoung Kim'

From the Department of Biochemistry and Molecular Biology, Louisiana
State University Health Sciences Center, New Orleans, Louisiana 70112

At the biochemical level, motor proteins are enzymatic mol-
ecules that function by converting chemical energy into
mechanical motion. The key element for energy transduction
and a major unresolved question common for all motor proteins
is the coordination between the chemical and conformational
steps in ATP hydrolysis. Here we show time-lapse monitoring of
an in vitro ATP hydrolysis reaction by the motor domain of a
human Kinesin-5 protein (Eg5) using difference Fourier trans-
form infrared spectroscopy and UV photolysis of caged ATP. In
this first continuous observation of a biological reaction coordi-
nate from substrate to product, direct spectral markers for two
catalytic events are measured: proton abstraction from nucleo-
philic water by the catalytic base and formation of the inorganic
phosphate leaving group. Simultaneous examination of confor-
mational switching in Eg5, in parallel with catalytic steps, shows
structural transitions in solution consistent with published crys-
tal structures of the prehydrolytic and ADP-bound states. In
addition, we detect structural modifications in the Eg5 motor
domain during bond cleavage between the 3- and y-phosphates
of ATP. This conclusion challenges mechanochemical models
for motor proteins that utilize only two stages of the catalytic
cycle to drive force and motion.

Coupling between chemical events and conformational tran-
sitions is crucial for the catalytic function of proteins. Notable
examples include molecular motors, signaling proteins, and
membrane transporters, in which large scale conformational
transitions are integral to the chemical steps of ATP hydrolysis
(see Fig. 1a) to yield the products, ADP and inorganic phos-
phate, or to phosphorylation in which P; is covalently attached
to a protein and ADP is a leaving group. The complex nature of
the phenomenon still renders it an outstanding challenge to
establish cause-and-effect relationships inherent within mech-
anochemical coupling in molecular motors.

The motor protein kinesin (1) is a member of the P-type
NTPase superfamily. Greater than 50 crystal structures have
been solved for members of the kinesin protein family, arrested
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at various stages in the enzymatic cycle. However, important
gaps in the chemistry of catalysis and the sequence of structural
changes exist; in particular, there is little information on the
unhydrolyzed ATP-bound state (substrate binding and isomer-
ization, see Fig. 1a) and transition state of these proteins, which
are short lived. As a result, open questions in kinesin catalysis
include the chemical nature of the catalytic base, timing of pro-
ton abstraction from the nucleophilic water in relation with
major conformational changes, the nature of the transition
state, and understanding of which steps within ATP hydrolysis
drive major structural transitions.

Our broad aim in this work is to watch a biomolecule in
real-time motion, and specifically, to observe coupling of chem-
istry and structural transitions in solution during catalysis. The
experimental system is the human Eg5, a plus end-directed
kinesin motor essential for chromosome segregation during
cell division. Outside of its vital cellular role, this protein per-
forms ATP hydrolysis with a slow kinetic rate in the absence of
microtubules and thus provides an optimal model system for
observing real-time catalysis at room temperature. Time-resolved
vibrational spectroscopy has been established as an effective
means to study enzymatic reactions. IR? spectroscopy is capable of
observing functional group chemistry under native conditions. Its
Fourier transform implementation simultaneously measures all
chemical moieties of the sample. Enzymatic reactions of Eg5 (2),
distantly related NTPases (3, 4), and phosphotransferases (5, 6)
have been monitored using IR methods as chemical reactions
transform the substrate to an educt group and a product group, all
of which have dissimilar infrared spectra.

Our prior steady-state work (2) showed physiochemical
information on how individual amino acid residues participat-
ing in ATP hydrolysis are coupled to structural motions. Here
we move toward real-time measurement of the kinesin catalytic
cycle, acquiring IR data in the millisecond time regime (7).
Spectroscopic signatures of conformational changes can be
used to detect and define transient conformational states of a
protein, an approach with a history in fluorescence and absorp-
tion spectroscopy. The advantage of IR spectroscopy is that a
single experiment measures not only backbone conformation
but also ligand chemistry simultaneously. Therefore, we can
use this bona fide query to determine local chemical changes at
the catalytic site and the structure of the Egb motor domain as
a whole in a single experiment.

EXPERIMENTAL PROCEDURES

The motor domain of wild-type Eg5 monomer, composed of
residues 1-367, was expressed in Escherichia coli BL21 Codon-
Plus(DE3)-RIL-competent cells (Stratagene) and purified as
described (2). Steady-state rates of ATP hydrolysis were moni-
tored by NADH-coupled assays (8) in microwell format. Kinetic
rates reported are an average of three independent replicates.

2 The abbreviations used are: IR, infrared; FTIR, Fourier transform IR; AMPPNP,
5’-adenylyl-B,y-imidodiphosphate; COBSI, change of backbone structure
and interaction.
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FIGURE 1. Time-resolved IR spectroscopy of Eg5 catalysis in solution. g, schematic diagram of the Eg5
ATPase cycle. Free ATP (1) from caged ATP photolysis is bound to Eg5 (2), which undergoes conformational
isomerization (3). The biochemical reaction proceeds through the transition state to form products (4).
Sequential release of inorganic phosphate (5) and ADP (6) completes the catalytic cycle. b, Difference tech-
niques applied to vibrational spectroscopy. When the sample is triggered to initiate catalysis, infrared modesin
the protein can differ in frequency relative to the resting state. Positive (blue) or negative (red) lines in the
difference data reflect either acquisition/loss of or chemical changes in functional groups upon reaction.
¢, three-dimensional representations of difference photolysis spectra for (i) wild-type Eg5 in the presence of
caged ATP (Eg5 + cATP; n = 180), (i) caged ATP alone (n = 40), and (iii) buffer (n = 38). The t = 0 s designates
the laser flash applied to the sample. The scale bar represents 1 X 10~ * absorbance units. d and e, the amide |
region (d) and the phosphate regions (e) of the time-resolved hydrolytic spectra. Alterations in absorbance are
visualized by color, in which blue is the greatest amplitude and red is the lowest negative amplitude. The bar
represents 0.5 X 10~ *absorbance units. All spectral data have 12-cm ™" resolution.

FTIR measurements were acquired with previously de-
scribed methods (2). A total of 20 ul/sample was prepared with
a final concentration of 5 mg/ml Eg5 (0.12 mm), 3 mm NaCl, 20
mM HEPES, pH 7.5, 6.6 mm dithiothreitol, 0.1 mm EDTA, 1 mm
MgCl,, and 2 mm caged ATP and sandwiched between two
CaF, windows. Parameters for the spectral acquisition on an
IFS66v/S spectrometer (Bruker Optics, Billerica MA) with a
water-cooled IR source and liquid nitrogen-cooled HgCdTe
detector were: double-sided forward-backward acquisition
mode, Happ-Genzel apodization function, 100-kHz mirror
velocity, 12-cm ™! spectral resolution, 160-ms time resolution,
1 level of zero filling, and 2.5-mm aperture size. The time scale
of caged ATP photolysis (~10"° s (9)) is an order of magnitude
smaller than the experimental time resolution.

The background spectrum was collected for 500 scans to
assess base-line stability, followed by 4 s of prephotolysis mea-
surement. For photolysis, a single shot of an Nd:YAG Surelite
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(supplemental Fig. S1).

Spectra presented herein are dif-
ference data (see Fig. 1b), as defined
by —log(1,/1;), where I, and I, refer
to two single beam spectra of the
same sample at different times. Dif-
ference spectra were analyzed using
IGOR Pro (WaveMetrics, Lake
Oswego, OR) by averaging normal-
ized spectra. The numbers of spec-
tra co-added for the samples were
40 and 180 for caged ATP and Eg5-
caged ATP samples, respectively.
Spectra of Eg5 alone and Eg5 with
caged ATP in the absence of a pho-
tolytic trigger (data not shown) do
not exhibit any detectable spectral
features, and base-line drift over the
time course of the experiment is
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negligible.
Estimates in the change of back-
bone structure and interaction

(COBSI) index were calculated (10).
Integration of amide I absorbance
allows for a simple estimate of struc-
tural changes in the polypeptide back-
bone during a protein reaction; the
integrated total protein absorbance is the averaged value between
the resting and active states of the protein. Eg5 ATPase COBSI
indices obtained were between 0.0074 and 0.0044 upon integra-
tion of the data in Fig. 1d and correction of active ATPase activity
measured (via use of experimental measurement of ATP release
per laser flash in our samples (2)).

RESULTS

Time-resolved Photolysis and Hydrolysis Spectra of Caged
ATP-Eg5 Complexes—For this investigation, the catalytic reac-
tion of Eg5 is initiated by photolytic cleavage of the caging
group from 1-(2-nitrophenyl)ethyl adenosine 5'-triphosphate
(caged ATP; supplemental Fig. S1). Laser flash photolysis of
caged ATP-Eg5 complexes combined with FTIR monitoring
with 160-ms time resolution yield two types of time-resolved
difference spectra. The first is the photolysis difference spectra
(Fig. 1c) in which positive lines originate from Eg5-ATP. In
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these data, a sequence of transient catalytic states can be
tracked over time.

Also shown in Fig. 1c are control photolysis spectra of caged
substrate alone and of buffer. The buffer spectra in Fig. 1c¢
reflect the level of noise in our experiments throughout the
entire spectral and temporal range. In both time-resolved spec-
tra of samples with caged ATP, the negative band at 1527 cm ™,
previously assigned to the disappearing NO, group of the cage
moiety (9), reflects the level of cage release by UV photolysis and
serves as a quantifiable marker for normalizing data from different
samples. When kinesin is present in the sample, there are clear
amplitude changes and frequency shifts observable (Fig. 1¢c) when
compared with the control caged ATP photolysis reaction. As Eg5
basal activity rates before and after the time-resolved experiment
were 0.12 * 0.02and 0.11 * 0.02 ADP/motors/s, respectively, our
data support the conclusion that the kinesin motor domain was
fully active throughout the experiment and comparable with other
reports in the literature (11-14).

To isolate the chemical and structural alterations in Eg5
upon functional modulation between the active and inactive
states of the motor domain, we focused on the second type of
time-resolved data, termed hydrolytic difference spectra (Fig. 1,
d and e), for which the spectra of caged ATP photolysis alone
are subtracted from the spectra acquired from Eg5 in the pres-
ence of caged ATP (Fig. 1b). Positive lines in these data (Fig. 1, d
and e, blue) are associated with protein modes from the
Eg5-ATP collision complex, its isomerization state, and the
transition state, as well as chemical modes of ADP and inor-
ganic phosphate. Negative lines (Fig. 1, d and e, red) are associ-
ated with the Eg5-ADP and ATP contributions.

Spectral Identification of Key Chemical Transitions during
ATP Hydrolysis—IR spectroscopy has been useful in determi-
nation of the structure of acids and bases in solution from char-
acteristic vibrational marker modes. In these time-resolved
hydrolytic spectra, we can examine the chemistry of the nucleo-
phile, the base, and the product leaving groups during the
course of the Eg5 enzymatic reaction. This allows us to distin-
guish between the mechanistic models of catalysis that are cur-
rently debated in the field of ATP hydrolysis by motor proteins.

Upon availability of free ATP substrate to Eg5 (¢ = 0 s), we
observe a broad continuum infrared mode between 1800 and
1740 cm™' (Fig. 1d). This broad band is a spectroscopic
reporter of an organized water cluster undergoing protonation
changes (15) during Eg5 catalysis in solution. A water molecule
is the accepted nucleophile for ATP hydrolysis, and a recent
crystallographic study of Eg5 kinesin (16) identified the cata-
lytic base as a second water molecule in the active site. Thus,
detection of this IR mode suggests that there is direct observa-
tion of the ordered nucleophile and base in the orthosteric site
of Eg5 in real time.

Second, we observe an unambiguous spectroscopic marker
that defines P; product formation from the Eg5 ATPase reac-
tion. From studies on model compounds, the PO, and PO5
moieties are localized in the 1250 -1090-cm ™' region, and the
HPO;~ modes are isolated between 1090 and 1000 cm™'.
Appearing at ~10s, a positive 1049-cm ™! infrared line (Fig. 1e)
is identified as a candidate HPO2~ mode based on group fre-
quency assignments (17). We note that this direct spectro-
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scopic measurement of P; formation from the ATPase reaction
is at the anticipated time interval, based on the kinetic activity
of our samples.

Conformational Switching during Kinesin ATP Hydrolysis—
To concomitantly ascertain net changes in Eg5 secondary
structure, we focus on the carbonyl stretching, or the amide I,
vibration of the peptide backbone (18) between the 1690- and
1620-cm ™! region. In the amide region (Fig. 1d), four vibra-
tional modes are transiently observed in our time-resolved hy-
drolysis spectra: three positive lines at 1686, 1655, and 1624
cm ™' and one negative line at 1643 cm ™'

Spectral components in the infrared amide I region can be
assigned to specific forms of secondary structure elements.
Assignments are made based on studies of proteins with known
structures (19 —24). The negative band at 1643 cm™ " is attributed
to unordered structures in Eg5 kinesin. The 1655-cm ™' mode is
assigned to a-helical structures, and the 1624-cm™' mode is
assigned to the low frequency component of B-sheets. The 1686-
cm™ ' mode may be ascribed to turns in the motor domain.

The time-resolved hydrolytic spectra report kinetic changes
in the Eg5 structure during the catalytic cycle. Negative modes
result from disappearing structures, and positive modes result
from emerging structures. The negative 1643-cm™' mode
develops at 1.5 s after substrate availability and wanes at 13 s.
These data show that there is a decrease in unordered struc-
tures at 1.5 s after ATP is introduced to Eg5, but there is a
relaxation within the motor domain that results in the equiva-
lent amount of unordered loops, to the inactive state, by 13 s.
The 1686-cm ™' mode, identifying turn structures, emerges
upon ATP release (¢ = 0 s) and persists until 14.5 s into the
hydrolytic cycle. The a-helical 1655-cm™ " mode is visible in the
hydrolysis spectra immediately upon ATP release through 3.8 s
and then reappears from 8.7 to 13 s. The fourth mode at 1624
cm !, visible between 10.5 and 13 s in the time-resolved hydro-
lytic data, provides direct evidence that alterations in Egb
B-sheets occur after P, formation.

DISCUSSION

Recent efforts in structural biology focus on dissecting the
role of slow (millisecond) motions in enzyme catalysis as pro-
teins proceed through multiple conformations serially and in
parallel with catalysis. However, the typical and practical chal-
lenge is to isolate the conformational degrees of freedom with
relevant impact on the chemical events in the protein. In this
regard, the study of Eg5 kinesin with time-resolved IR spectros-
copy provides an opportunity to probe the slow structural tran-
sitions that are tightly coupled with enzymatic chemistry.

The major accomplishment herein is the uninterrupted
recording of transient events, or states, between the ATP-
bound and ADP-bound states of Eg5 in solution. Continuous
changes of molecular structure and chemistry are seldom
observed, especially for large polyatomic molecules such as
proteins. This failure limits our understanding of ATP hydro-
lysis to a level of an oversimplified reaction coordinate. Thus,
our results provide insight regarding cause-and-effect among
events of different scale and physicochemical nature that are
typically absent in experiments.
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Proton Abstraction from the Nucleophilic Water Can Be
Observed in Real Time—The first chemical step in ATP hydro-
lysis is removal of a proton from the nucleophilic water by a
neighboring catalytic base. In the Eg5-AMPPNP crystal struc-
ture (16), substrate binding and isomerization to the prehydro-
lysis catalytic state result in isolation of a two-water cluster in
the active site: the nucleophilic water positioned for y-phos-
phate attack and a second water that serves as a general base.

Vibrational spectroscopy can provide detailed information
regarding 1) the chemical identity of and 2) the environment
surrounding the proton-donating and proton-accepting mole-
cules in this acid-base chemistry. The time-lapse experiment
that examines Eg5 catalysis in real time provides independent,
experimental verification that the chemical identities of the
nucleophile and catalytic base in Eg5 kinesin are water mole-
cules. Multiple waters have been theorized to be catalytically
active in myosin (25), F;-ATPase (26, 27), and p21"** (28).

Although bulk water contributes free OH modes (>3500
cm™ ") and the H-O-H scissoring modes, vibrational modes
involving the central proton are crucial to understanding
whether proton transfer occurs between water molecules. This
requires examination of the 2100-1740-cm™' region of
O-H"0O fundamentals. Both calculation and experiment
(29 -31) characterize the broad IR continua between 1800 and
1740 cm™ ! in our data (Fig. 1d) as a water cluster in which a
proton is shared. Our Eg5rAMPPNP crystal structure (16) dis-
tinguishes assignment of the broad 1800-1740-cm ™" IR mode
to a solvent-shared proton (Zundel cation, H;O; ) rather than a
fully hydrated hydronium (Eigen cation, HyO3 ).

Furthermore, we observe controlled proton transfer between
the lytic water and the second water that serves as a catalytic
base in the Eg5 active site. Typically, it is challenging to identify
a hydrated proton at room temperature in aqueous conditions
because the Zundel cation can assume broadly varying config-
urations. We conclude that the water molecules must be well
ordered in the Egb active site upon ATP binding for the
hydrated proton to be prominent. The large number of coordi-
nations of Eg5 prehydrolytic state in a crystalline form (16)
corroborates this deduction. Thus, orthosteric water molecules
that serve as a proton transfer bridge are important in kinesins.

Time-resolved Hydrolytic Data Support an Associative Tran-
sition State for Eg5 Kinesin—In the classic representation of an
associative ATPase mechanism, the nucleophilic attack by water
at the phosphorus center occurs before the P, leaving group
departs; this results in a pentavalent phosphorane intermediate in
the transition state. For a dissociative mechanism, the leaving
group dissociates from the substrate prior to the nucleophilic
attack; a metaphosphate intermediate state is involved.

Toward distinguishing the transition state and thus the
mechanistic path, typical experiments are limited to the exam-
ination of geometric and electronic properties of ATP bound in
the protein active site. Our hydrolytic data temporally resolve
the formation of a H;O; intermediate (Fig. Id, a proton being
pulled off the nucleophilic water by the second water) well prior
to the formation of the P, leaving group (Fig. 1e). As a result, our
data do not favor a dissociative mechanism for Eg5 ATP hydro-
lysis as the formation of this transition state requires that the P,
leaving group is formed prior to nucleophilic attack. Thus, our
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FIGURE 2. Comparison of Eg5-ADP and Eg5-AMPPNP crystal structures. In
theright inset is the ribbon representation of the Eg5-AMPPNP structure (PDB
ID 3HQD (16)), with a3 and switch | highlighted in red and a4 and switch Il in
purple. Enlargements of these Eg5 regions provide overlays with the Eg5-ADP
structure (PDB ID 1116 (32)) in green. The structures were superpositioned
using the P-loop residues.

spectroscopic data favor an associative mechanism for kinesin
ATP hydrolysis in solution. Unequivocal assignments regard-
ing the bond order, electronic properties, or geometry of the
catalytic transition state in these vibrational data await future
isotopic labeling experiments.

Measured Structural Transitions Required for Formation of
the Prehydrolytic State of Eg5 Are Consistent between IR and
X-ray Crystallographic Studies—These infrared data (Fig. 1d)
show the first direct observation of dynamic conformational
switching caused by ATP binding and/or isomerization (Fig.
1a) in solution. Release of ATP from the caging group triggers
initial gain of turn structures, quickly followed by the formation
of a-helices, at the expense of unordered regions within the Eg5
motor domain.

The conclusion that isomerization upon substrate binding
involved conversion of disordered regions of Eg5 to turn and to
helical structures is consistent with and complements the x-ray
crystallographic data of Eg5. When ADP is bound to the Eg5
active site (32), the switch Il region has unordered residues with
a high local temperature factor (Fig. 2). In the Eg5-rAMPPNP
structure (16), the switch II region has an extended o4 helix,
and the unordered residues, unobservable in the ADP-bound
state, are resolved as a loop with a single helical turn. These
x-ray structures also show loss of a3 helix and gain of turns in
the switch I region (Fig. 2) in the prehydrolytic state of Eg5
when compared with the inactive state of the motor protein.

The fidelity of the Eg5 secondary structural transitions mea-
sured between vibrational data in solution herein and static
measurements in a crystalline lattice (16, 32) is remarkably
high. Furthermore, quantitation of the number of residues
involved in these structural changes is quite close between
these techniques. COBSI estimates (10) of the maximum num-
ber of residues involved in these structural changes, measured
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by vibrational spectroscopy, are 5—14 residues. Using DSSP
assignments in the Protein Data Bank, alterations in the peptide
backbone of 16 Eg5 residues produce the net structural changes
in the switch regions within Eg5 crystals (16, 32) noted above.
These data demonstrate that these time-resolved infrared meth-
ods are an effective and quantitative probe of conformational
switching in real time.

In Solution, Millisecond Conformational Transitions Are Ob-
served in the Eg5 Enzymatic Transition State—An open question
in understanding conformational switching of motor proteins is
whether the transition state of ATP hydrolysis is capable of driving
any major structural transitions. It is widely held that large scale
structural transitions implicated in most “molecular machines”
are directly coupled to the binding of ATP and release of the ADP
leaving group. This tenet is borne out in the comparison of the
Eg5AMPPNP (16) and Eg5+ADP (32) crystal structures. In con-
trast, hydrolysis of ATP to form ADP-P; only involves subtle elec-
trostatic changes that may not drive major structural transitions;
conformational changes associated with the transition state of
ATP catalysis have not been experimentally observed by x-ray
crystallography, fluorescence, or absorbance spectroscopy.

Conformational switching from the transition state through
product formation can be followed in our hydrolytic FTIR spec-
tra. Following the prehydrolysis state, there are two types of
conformational changes (Fig. 1d): one that precedes and one
that is coincident with product formation. After the formation
of the prehydrolysis state, there are helical rearrangements in
the Eg5 motor domain. First, loss of helical structure follows
loss of hydrated proton signature (Fig. 1d). Second, a larger
increase in a-helical content in the motor domain is measured
at 8.7 s immediately prior to P; formation. These structural
changes are complemented by the inverse measure of turns in
the motor domain. Therefore, we suggest that sequential inter-
conversion between a-helices and turns occurs during the transi-
tion state toward bond cleavage between the 3- and y-phosphates
of ATP (Fig. 1a). Lastly, the formation of inorganic phosphate
induces structural alterations in a-helices, B-sheets, and turns
until 13 s, at which point these structural changes cease.

This work establishes that IR spectroscopy can be used to refine
and extend enzymatic information provided by x-ray crystallogra-
phy. Here we supply novel evidence that the intermediate steps
within the ATP hydrolysis reaction are also capable of driving
major structural transitions. This conclusion suggests that mech-
anistic models of motor proteins may need to explore a greater
number of conformational states, not only for mechanochemical
function but also in development of allosteric drugs.
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